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a  b  s  t  r  a  c  t
Silicon  nitride  (Si3N4)  with  high  thermal  conductivity  has  emerged  as one  of  the  most  promising  substrate
materials  for the  next-generation  power  devices.  This  paper  gives  an overview  on  recent  developments
in  preparing  high-thermal-conductivity  Si3N4 by  a sintering  of reaction-bonded  silicon  nitride  (SRBSN)
method.  Due  to the  reduction  of lattice  oxygen  content,  the  SRBSN  ceramics  could  attain  substantially
higher  thermal  conductivities  than  the  Si3N4 ceramics  prepared  by  the  conventional  gas-pressure  sinter-
ing  of  silicon  nitride  (SSN)  method.  Thermal  conductivity  could  further  be  improved  through  increasing
the  /  phase  ratio  during  nitridation  and  enhancing  grain  growth  during  post-sintering.  Studies  on  frac-
ture  resistance  behaviors  of the  SRBSN  ceramics  revealed  that  they  possessed  high fracture  toughness
and  exhibited  obvious  R-curve  behaviors.  Using  the  SRBSN  method,  a  Si3N4 with  a record-high  thermal
conductivity  of 177  Wm−1K−1 and  a fracture  toughness  of  11.2  MPa  m1/2 was  developed.  Studies  on  the
inﬂuences  of  two typical  metallic  impurity  elements,  Fe  and  Al, on thermal  conductivities  of  the  SRBSN
ceramics  revealed  that the  tolerable  content  limits  for the  two  impurities  were  different.  While  1  wt%  of
impurity  Fe  hardly  degraded  thermal  conductivity,  only  0.01  wt%  of  Al caused  large  decrease  in  thermal
conductivity.
© 2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.ontents
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. Introduction
Energy and environment-related problems are serious social
ssues. In order to save energy as well as to reduce the emis-
ion of carbon dioxide, energy sources tend to shift from fossil
fuel to electric power, hence highly efﬁcient use of electric power
becomes more and more important. Power electronic devices are
key technologies for this purpose, and they have been widely
used for a variety of applications such as industrial robots, hybrid
motor vehicles, and advanced electric trains [1]. Driven by the
demand for more efﬁcient control and conversion of electric power,
power device technology is advancing toward higher voltage, larger∗ Corresponding author. Tel.: +81 527367102.
E-mail address: you.zhou@aist.go.jp (Y. Zhou).
1 Japan Fine Ceramics Co., Ltd., Sendai, 981-3203, Japan.
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.03.003
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produccurrent, greater power density, and this trend is poised to be
accelerated with the replacement of Si by the wide-band gap semi-
conductors (SiC and GaN) in the near future [2,3]. However, the
high power will induce large thermal stresses in the devices, which
poses great challenges for the assembly of the devices and the
tion and hosting by Elsevier B.V. All rights reserved.
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ackaging materials, especially the brittle ceramic substrates that
rovide functions of electrical insulation and heat dissipation.
herefore, both good mechanical reliability and high thermal con-
uctivity are required for the ceramic substrates used for the
igh-power electronic devices.
So far, AlN has been used as a major ceramic substrate material
or power devices because it exhibits high thermal conductivity
ver 200 Wm−1 K−1. However, mechanical properties of AlN are
ot sufﬁcient (generally, bending strength of 300–400 MPa, frac-
ure toughness of 3–4 MPa  m1/2), which results in low reliability of
he substrates. The electronic industry is eager to seek alternative
igh-thermal-conductivity substrate materials with good mechan-
cal properties, therefore attention is turned to Si3N4 ceramics.
Over the last decades, Si3N4 ceramics have been investigated as
igh temperature structural materials, and now Si3N4 with bend-
ng strength over 1 GPa can be prepared by choosing appropriate
intering additives and fully developing a bimodal microstructure
omposed of interlocked rod-like grains [4]. However, thermal con-
uctivity of Si3N4 ceramics is usually rather low (<70 Wm−1 K−1).
f thermal conductivity of Si3N4 can be improved and at the mean
ime its good mechanical properties can be maintained, Si3N4
ould undoubtedly be an attractive substrate material for high-
ower electronic device applications. Such an expectation has
ascinated many researchers to improve thermal conductivities of
i3N4 ceramics by a variety of means in recent years. In this paper,
revious studies on thermal conductivity property of Si3N4 are
rieﬂy reviewed. Following that, some recent achievements of our
esearch group on fabricating high-thermal-conductivity Si3N4
eramics via a reaction-bonding and post-sintering method are
ntroduced.
. Thermal conductivity of silicon nitride
Si3N4 mainly exists in two hexagonal polymorphs, namely -
nd -Si3N4, which are generally regarded as low and high tem-
erature crystal forms, respectively [5]. Industrial synthesis routes
ainly lead to -Si3N4, which converts to the more stable -Si3N4
hase during high temperature sintering. Si3N4 is a highly cova-
ent compound, and it transports heat primarily by phonons at
oom temperature and below. In 1995, Haggerty and Lightfoot [6]
redicted that the intrinsic thermal conductivity of Si3N4 might
e 200–320 Wm−1 K−1 at room temperature. Later, Watari et al.
7] estimated that the upper limit of the intrinsic thermal con-
uctivity of -Si3N4 could be 400 Wm−1 K−1. Moreover, Hirosaki
t al. [8] estimated the theoretical thermal conductivity of sin-
le crystal - and -Si3N4, using the molecular dynamics method
n conjunction with the Green–Kubo formulation, as a function
f temperature. In their calculation, the estimated thermal con-
uctivities of - and -Si3N4, along the a-axis and c-axis at room
emperature were approximately 105 and 225 Wm−1 K−1, and 170
nd 450 Wm−1 K−1, respectively. However, thermal conductivities
f polycrystalline Si3N4 ceramics are much lower than the intrinsic
alues of the single crystal due to the following reasons.
Owing to its strong covalency and low diffusivity, sinterability of
i3N4 is poor. Si3N4 is generally densiﬁed by liquid-phase-sintering
echanisms, where some oxide sintering aids are added and they
eact with Si3N4 as well as the silica phase on the surface of
i3N4 particles to form a liquid phase which promotes densiﬁcation
hrough rearrangement and solution-reprecipitation mechanisms
uring sintering. After sintering, the liquid phase converts to glassy
r partially crystallized phases (oxynitrides) in the sintered mate-
ial. They may  exist as isolated secondary phases at the triple point
unctions surrounded by three grains, or as a continuous thin ﬁlm
around 1 nm thickness) on the boundaries between two adja-
ent grains. Because thermal conductivities of these oxynitrideic Societies 3 (2015) 221–229
secondary phases are quite low (less than 5 Wm−1 K−1), their
existence in the microstructure causes reduction of the thermal
conductivity of the sintered material. Compared with the triple-
junction phases, the detrimental effect of the grain boundary
phases is greater due to its continuity. Kitayama et al. [9] assessed
the effects of the grain boundary phases on the overall thermal con-
ductivities of Si3N4 ceramics by using a modiﬁed Wieners’ model,
and their calculation indicated that the detrimental effect of the
grain boundary phases could be alleviated when the grain sizes of
the -Si3N4 grains were larger than several micrometers. Thus, pro-
moting grain growth is an effective way of improving thermal con-
ductivity. However, it should be aware that microstructural coars-
ening often results in lower mechanical strength of the material.
Besides the secondary and grain boundary phases which reside
outside Si3N4 grains, there exist a variety of imperfections called
lattice defects (impurity atoms, vacancies, dislocations, stacking
faults, etc.) within the Si3N4 grains. Because Si3N4 transports heat
primarily by phonon (lattice vibration), lattice defects in Si3N4
crystals can induce phonon scattering, thereby reducing thermal
conductivity. It has been reported that solution of oxygen into Si3N4
crystals generates vacancies at the Si sites in Si3N4 lattice [10,11].
Si vacancies can scatter phonons and lead to lower thermal con-
ductivity. In order to improve thermal conductivity, it is essential
to lower the content of oxygen dissolved in Si3N4 lattice (i.e., lattice
oxygen content).
Therefore, choosing a Si3N4 powder with low impurity oxygen
content as a starting material is decisively important for preparing
Si3N4 ceramics with high thermal conductivity. Sintering additives,
which are indispensible for achieving densiﬁcation of Si3N4, also
play an important role in reducing lattice oxygen content of the
sintered Si3N4. Using sintering additives with high oxygen afﬁnity
(e.g., rare earth oxides) [7,12], or choosing sintering additive com-
positions which lead to high nitrogen/oxygen ratios of the liquid
phase during sintering were effective ways of reducing lattice oxy-
gen content of the sintered Si3N4. For example, Hayashi et al. [13]
reported that while a Si3N4 ceramic with a thermal conductivity of
120 Wm−1 K−1 was prepared by using a Yb2O3-MgO sintering addi-
tive, the thermal conductivity could be increased to 140 Wm−1 K−1
by replacing MgO  with MgSiN2 in the sintering additive so that
nitrogen/oxygen ratio of the liquid phase was  increased.
However, for Si3N4 starting powders, even the top grade high-
purity commercial powder contains more than 1 wt%  of oxygen
residing both on the surface and within the lattice, which imposes
an upper limit on the attainable thermal conductivity of Si3N4
ceramics. In order to raise the upper limit to a higher level, a start-
ing powder containing less oxygen should be used. Motivated by
such an idea, our research group proposed a strategy of preparing
high thermal conductivity Si3N4 via a route of sintering of reaction-
bonded silicon nitride (SRBSN), which is a well-known process of
fabricating Si3N4 ceramics from an Si starting powder instead of a
Si3N4 powder [14–17], in consideration of the fact that Si powders
containing much less oxygen and metallic impurities than Si3N4
powders are commercially available thanks to the advancement
of modern semiconductor industry. Our experimental results have
veriﬁed the effectiveness of the SRBSN strategy, by which both
higher thermal conductivity and higher mechanical strength were
achieved, compared to the conventional sintering of silicon nitride
powder (SSN) route [18–28].
3. High-thermal-conductivity silicon nitride via the SRBSN
routeThe sintering of reaction-bonded silicon nitride (SRBSN) method
consists of two processing steps. Firstly, an Si compact composed
of Si powder and sintering additives is heated to a temperature
Y. Zhou et al. / Journal of Asian Ceramic Societies 3 (2015) 221–229 223
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cFig. 1. SEM images of (a) Si raw powd
ear the melting point of Si (1414 ◦C) in a nitrogen atmosphere so
hat the Si compact is nitrided and transforms to a porous Si3N4
ompact. Then the nitrided compact is further heated to a higher
emperature (but below the decomposition temperature of Si3N4)
o that the porous Si3N4 is sintered and turns to a dense Si3N4
eramic. Because Si raw powders are usually cheaper than Si3N4
aw powders, compared to the SSN method, the SRBSN method
as long been known as a low-cost processing technique of fabri-
ating Si3N4 ceramics [14–17]. However, the motivation of using
he SRBSN method to prepare Si3N4 ceramics with high thermal
onductivity was that by this method Si powders containing lower
xygen content than even the high-grade Si3N4 powders could be
sed as the starting materials. Moreover, the whole process from
itridation to post-sintering can be continuously carried out with-
ut exposing the compacts to the air, therefore it is favorable for
ontrolling the oxygen content of the post-sintered Si3N4.
The attainment of a complete nitridation of Si is the ﬁrst step
nd the key to success of a SRBSN process. However, nitridation
f Si is actually difﬁcult to control due to the exothermic reaction
etween Si and N2 gas. Therefore, we ﬁrst systematically studied
he inﬂuences of various parameters such as particle size and purity
f Si powders, types and amount of sintering additives and param-
ters such as heating rate, nitriding temperature and holding time
sed in the nitridation process [20,29]. The studies showed that
ull nitridation could be realized through judiciously choosing and
ontrolling various processing parameters.
Based on the aforementioned studies, for the purpose of prepar-
ng Si3N4 ceramics with high thermal conductivity by the SRBSN
ethod, a high purity Si powder containing less than 0.01 wt%  of
otal metallic impurities and 0.28 wt% of oxygen was  chosen as a
tarting powder. A mixture of Y2O3 and MgO  was  added into the
i powder as sintering additives. The amount of sintering additives
as determined so as to give the fully nitrided body a nominal com-
osition of Si3N4:Y2O3:MgO = 93:2:5 in molar ratio. Si powder and
intering additives were mixed in methanol using a planetary mill
n a Si3N4 jar with Si3N4 balls. After drying and sieving, the mixed
owder was uniaxially pressed in a 45 mm × 45 mm stainless-steel
ie and cold-isostatically pressed at a pressure of 300 MPa. The
ormed Si compact was placed in a graphite resistance furnace and
itrided at 1400 ◦C for 4 h under a nitrogen pressure of 0.1 MPa.
-ray diffraction analysis (XRD) on the nitrided compact revealed
hat there was no diffraction peaks of Si, indicating that the Si com-
act was completely nitrided. The main crystalline phases were
- and -Si3N4 and the minor phases were Y2Si3O3N4 and YSiO2N.
uantitative XRD analysis further revealed that the content ratio of
-Si3N4 to -Si3N4 was 59.8 to 40.2. Scanning electron microscopic
SEM) observation showed that the Si3N4 grains in the nitrided
ompact became much ﬁner than the starting Si powder particles (b) nitrided compact at 1400 ◦C [27].
(Fig. 1). The nitrided compact had a relative density near 75%. In
contrast, when starting from ﬁne Si3N4 powders, it is difﬁcult to
attain a green density over 60% even if using a CIPping pressure as
high as 400 MPa. The high density of the nitrided body is beneﬁcial
for promoting densiﬁcation and shortening sintering time in the
next step of post-sintering.
Post-sintering of the nitrided compact was done at 1900 ◦C for
various times ranging from 3 to 48 h under 1 MPa  nitrogen pressure.
SEM images (Fig. 2) of the fracture surfaces of the sintered mate-
rials showed some common features: ﬁbrous and faceted grain
shapes and a bimodal microstructure where a small fraction of large
grains were embedded in a majority of small grains. With increasing
sintering time, the microstructures became coarser. For the mate-
rials sintered for 3 or 6 h, the microstructures were generally ﬁne,
though a few large ﬁbrous grains had lengths of around 10 m.
After being sintered for 12 or 24 h, many grains grew to lengths of
over 10 m.
The SRBSN materials sintered for 3, 6, 12, 24, and 48 h had
thermal conductivities of 100, 105, 117, 133, and 142 Wm−1 K−1,
respectively. For the sake of comparison, Si3N4 ceramics were also
prepared by the conventional SSN method using the same sintering
additives and same sintering parameters as those used for post-
sintering of the SRBSN materials. In this case, the starting powder
was a ﬁne -Si3N4 powder containing 1.2 wt% of oxygen, and these
Si3N4 ceramics were termed as SSN materials. The SSN materials
sintered for 3, 6, 12, 24, and 48 h had thermal conductivities of
87, 91, 96, 103, and 111 Wm−1 K−1, respectively. The thermal con-
ductivities of both the SRBSN and the SSN materials were plotted
against the sintering times in Fig. 3, which clearly showed that
when sintered for the same length of time, the SRBSN materials
always had higher thermal conductivities than the SSN counterpart
materials; when sintering time was longer, the differences in ther-
mal  conductivity between the SRBSN and SSN materials became
larger.
Flexural strength was  measured using test beams with dimen-
sions of 4 mm × 3 mm × 36 mm,  which were machined from the
sintered materials and tested in a four-point bending jig with an
outer span of 30 mm and an inner span of 10 mm.  The measured
strength values of the SRBSN and the SSN materials sintered for
various lengths of time, together with their thermal conductivities,
were plotted in Fig. 4. For comparison, data of thermal conductiv-
ity and bending strength of some other high-thermal-conductivity
SSN materials reported in literature were also included in the graph
[30,31]. It can be seen that the SRBSN materials had a better balance
between thermal conductivity and bending strength compared to
the SSN materials. That could be due to the lower oxygen content
of the Si starting powder used for the SRBSN method than that
of the Si3N4 starting powder used for the SSN method. The lower
224 Y. Zhou et al. / Journal of Asian Ceramic Societies 3 (2015) 221–229
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As mentioned above, compared to the SSN materials, the higherFig. 2. SEM images of fracture surfaces of SRBSN sinter
xygen content of the starting material led to lower lattice oxy-
en content of the SRBSN materials, which could attain a higher
hermal conductivity when sintered for shorter times compared to
he SSN materials. And, a shorter-time sintering would result in a
ner microstructure and a higher ﬂexural strength. Therefore, Si3N4
ig. 3. Thermal conductivities of the sintered reaction-bonded Si3N4 (SRBSN) and
he  gas-pressure sintered Si3N4 (SSN) sintered at 1900 ◦C for various lengths of time. various times: (a) 3 h, (b) 6 h, (c) 12 h and (d) 24 h [27].
ceramics with both high thermal conductivity and high mechanical
strength could be fabricated by the SRBSN method.thermal conductivities of the SRBSN materials were attributed to
the lower oxygen content of the starting material (Si powder vs
Si3N4 powder), which resulted in lower lattice oxygen content
Fig. 4. Relation between thermal conductivity and bending strength for the sintered
reaction-bonded Si3N4 (SRBSN) and the gas-pressure sintered Si3N4 (SSN) prepared
in  this work and some gas-pressure sintered Si3N4 reported in literature.
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Fig. 5. Relation between thermal conductivity and lattice oxygen content for the
sintered reaction-bonded Si3N4 (SRBSN) and the gas-pressure sintered Si3N4 (SSN)
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test specimens. On the R-curves of the materials sintered for 3 andrepared in this work and some Si3N4 densiﬁed by hot-pressing (HP) or gas-pressure
intering reported in literature.
f the Si3N4 grains after nitridation and post-sintering. Later, we
ound that the lattice oxygen content of the Si3N4 grains could be
urther reduced to a lower level through modifying the nitridation
rocess [23]. The nitridation condition was modiﬁed by creating a
ore reducing atmosphere in the reaction zone so as to obtain a
igher : Si3N4 ratio. For example, the modiﬁed nitridation could
esult in a Si3N4 compact with a : ratio of 82.5:17.5. The mea-
ured lattice oxygen content of the Si3N4 grains in this nitrided
ompact was 0.115 wt%. In contrast, the lattice oxygen content of
he aforementioned nitrided compact which had a : Si3N4 ratio
f 59.8:40.2 was 0.142 wt%. This result proved our assumption that
attice oxygen content of the resultant Si3N4 could be reduced by
romoting formation of  phase during nitridation of Si.
The nitrided compacts prepared by the modiﬁed nitridation pro-
ess were post-sintered at 1900 ◦C for various lengths of time. The
i3N4 ceramics sintered for 3, 6, 12, and 24 h had thermal con-
uctivities of 109, 125, 146, and 154 Wm−1 K−1, respectively. In
ontrast, as mentioned above, the Si3N4 ceramics sintered from the
itrided compact with a : ratio of 59.8:40.2 for 3, 6, 12, and 24 h
ad thermal conductivities of 100, 105, 117, and 133 Wm−1 K−1,
espectively. The improvement in thermal conductivity of the Si3N4
intered from the nitrided compacts with a higher : ratio was
emarkable. Lattice oxygen measurement revealed that the Si3N4
eramics sintered from the high  nitrided compact for 3, 6, 12,
nd 24 h had lattice oxygen contents of 0.048, 0.041, 0.022, and
.017 wt%, respectively. In contrast, the Si3N4 ceramics sintered
rom the low  nitrided compact had lattice oxygen contents of
.065, 0.057, 0.043, and 0.033 wt%, respectively. Microstructural
bservations showed that these two types of Si3N4 (i.e., sintered
rom high  and low  RBSN compacts) had similar microstructures
hen they were sintered for the same length of time. Therefore,
he higher thermal conductivities of the Si3N4 ceramics sintered
rom the higher  RBSN compact could be attributed to their lower
attice oxygen contents. It was found that even higher thermal con-
uctivity could be attained through further reducing lattice oxygen
ontent by prolonging sintering time. For example, a Si3N4 pre-
ared by sintering a high  RBSN compact at 1900 ◦C for 60 h and
hen cooling at a rate of 0.2 ◦C min−1 attained a record-high thermal
onductivity of 177 Wm−1 K−1.Fig. 6. Fracture resistance as a function of crack extension obtained in chevron-
notched-beam tests for the SRBSN materials sintered for 3, 6, 12, and 24 h [28].
Fig. 5 shows relationship between thermal conductivities and
lattice oxygen contents for the Si3N4 ceramics prepared by the
SSN, SRBSN and modiﬁed SRBSN methods. For comparison, data
of thermal conductivity and lattice oxygen content of some Si3N4
ceramics which were added with various kinds of sintering addi-
tives and densiﬁed by hot-pressing or gas-pressure sintering
reported in literature were also included in the graph [10,13].
Despite of the various sintering additives and sintering meth-
ods, the data showed a clear tendency that thermal conductivity
increased with decreasing lattice oxygen content. For different sin-
tering additives and sintering methods, the prepared Si3N4 might
have different thermal conductivities even if their lattice oxygen
contents were similar. That was  due to the inﬂuences of some
microstructural factors (grain size, grain boundary phase, grain ori-
entation, etc.) [10,13]. However, as shown in Fig. 5, those inﬂuences
were secondary to the effect of lattice oxygen content on thermal
conductivity. The clear tendency shown in Fig. 5 indicated that lat-
tice oxygen was the crucial factor governing thermal conductivity
of Si3N4 ceramics.
4. Fracture Toughness of High-Thermal-Conductivity
Silicon Nitride Ceramics
For the application as substrates for the next-generation power
devices, not only high thermal conductivity and high strength of the
substrate materials are required, but also high fracture toughness
is demanded. We  studied the fracture toughness property of the
aforementioned high thermal conductivity SRBSN materials, which
were sintered at 1900 ◦C for various lengths of time ranging from
3 to 24 h. Fracture resistance behavior (R-curve) was  evaluated by
the chevron-notched-beam (CNB) test method [32], and fracture
toughness was  measured by both the CNB method and the single-
edge-precrackedbeam (SEPB) method [33]. As shown in Table 1, for
all the materials, their fracture toughness values measured by the
CNB and the SEPB methods were nearly the same. It is worth noting
that the material sintered for 3 h already attained a fracture tough-
ness as high as 8.4 MPa  m1/2. The fracture toughness values became
higher for the materials sintered for longer times, especially when
the sintering times were longer than 12 h. The material sintered for
24 h possessed a fracture toughness of 10.7 MPa  m1/2 [28].
Fig. 6 shows the R-curves of the SRBSN materials sintered for
3, 6, 12, and 24 h, which were measured and recorded after cracks
extended for about 0.65 mm in the ligament portions of the CNB6 h, small increments were observed during cracks growing from
0.65 mm to about 1.0 mm.  After that the R-curves became almost
ﬂat and the fracture resistance values were nearly constant, which
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Table 1
Properties of the SRBSN ceramics sintered at 1900 ◦C for various lengths of time.
Sintering time (h) Relative
density (%)
Thermal
conductivity
(W m−1 K−1)
Bending
strength (MPa)
Fracture toughness
(by CNB) (MPa m1/2)
Fracture toughness
(by SEPB) (MPa m1/2)
3 99.3 109 786 ± 17 8.42 ± 0.23 8.44 ± 0.03
6  99.4 125 67
12  99.1 146 60
24  98.5 154 50
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grains, and the number of coarse grains became smaller when moreig. 7. A scanning electron microscopic view of a crack path (propagating from left
o right) in an SRBSN material sintered at 1900 ◦C for 24 h [28].
ere 8.4 and 8.6 MPa  m1/2 for the materials sintered for 3 and 6 h,
espectively. On the other hand, the materials sintered for 12 and
4 h showed rising R-curve behaviors. The fracture resistance val-
es exceeded 10 and 12 MPa  m1/2 for the materials sintered for 12
nd 24 h, respectively, at the point close to the complete separation
f the test beams.
These results revealed that the SRBSN materials sintered with
2O3 and MgO  additives could not only attain high thermal con-
uctivity but also possess exceptionally high fracture toughness,
n comparison with most Si3N4 ceramics reported in literature
hich were usually sintered by using a combination of Al2O3
nd other oxides as sintering additives. The high fracture tough-
ess was thought to be attributed to an appropriately weak grain
oundary which would favor interfacial debonding and facilitate
oughening effects such as crack-bridging and crack-deﬂection.
ig. 7 shows a scanning electron microscopic view of a crack path in
n SRBSN material sintered for 24 h. Interfacial debonding exten-
ively occurred, causing a crack to propagate tortuously and leading
o crack-bridging and crack-deﬂection toughening effects.
. Effects of metallic impurity elements on thermal
onductivity of SRBSN ceramics
Although choosing a high-purity Si powder as the starting
aterial is essential for preparing high-thermal-conductivity Si3N4
eramics by the SRBSN method, a reagent-grade Si starting powder
s often too expensive for industrial production. From the stand-
oint of practical application, it is necessary to study the thermal
onductivity of SRBSN ceramics prepared from industrial grade Si
owders, which usually contain some metallic impurity elements.
e and Al are the two most popular metallic impurity elements in
i powders, due to contamination in the milling process by which
oarse Si grits are pulverized to ﬁne Si powders. Kusano et al. [34,35]
tudied the inﬂuences of Fe and Al impurity elements of Si start-
ng powders on the thermal conductivity of the prepared SRBSN
eramics.6 ± 21 8.47 ± 0.02 8.57 ± 0.16
8 ± 12 9.99 ± 0.10 9.66 ± 0.10
5 ± 9 10.63 ± 0.37 10.73 ± 0.18
5.1. Effects of impurity iron
A high-purity Si powder (purity > 99.99%, major metallic impu-
rities: 49 ppm of Fe and 37 ppm of Al) was  chosen as the starting
material, and 2 mol% of Y2O3 and 5 mol% of MgSiN2 were used as
sintering additives. Various amount of Fe powder were added into
the Si powder in order to investigate the effects of impurity Fe on
the properties of SRBSN ceramics. The specimens added with 0, 0.1,
1.0, and 5.0 wt%  of Fe were designated as F0, F0.1, F1, and F5, respec-
tively [34]. Nitridation was  carried out at 1400 ◦C for 8 h under
a nitrogen pressure of 0.1 MPa, and post-sintering of the nitrided
samples was done at 1900 ◦C for 6 h under a nitrogen pressure of
0.9 MPa. The relative densities of the sintered specimens F0, F0.1,
F1, and F5 were 99.8%, 99.8, 99.5%, and 98.4%, respectively. SEM
observation (Fig. 8) on the polished and plasma-etched surfaces
revealed that all the SRBSN ceramics were basically made up of
rod-like -Si3N4 grains, while some equiaxed SiFex particles (as
conﬁrmed by XRD analysis) were dispersed in specimens F1 and
F5, and they obviously had suppressed the grain growth of -Si3N4
grains.
Specimens F0, F0.1, F1, and F5 had 4-point bending strength val-
ues of 770, 756, 758, and 733 MPa, and fracture toughness values
of 7.1, 7.5, 6.6, and 6.5 MPa  m1/2, respectively. The lower fracture
toughness of specimens F1 and F5 might be attributed to their
ﬁner microstructures. The thermal conductivities of specimens F0,
F0.1, F1, and F5 were 82, 81, 80, and 53 Wm−1 K−1, respectively.
It implied that impurity Fe might not have obvious detrimental
effect on the thermal conductivity of the SRBSN ceramics when
their content was  less than 1 wt%, but thermal conductivity could
be signiﬁcantly decreased when the amount of Fe was higher than
1 wt%.
5.2. Effects of impurity aluminum
In order to investigate the effect of impurity Al on the properties
of SRBSN ceramics, Kusano et al. [35] added various amount of AlN
into a mixture of a high-purity Si starting powder (purity > 99.99%,
major metallic impurities: 49 ppm of Fe and 37 ppm of Al) and
sintering additives of 2 mol% of Y2O3 and 5 mol% of MgSiN2. The
contents of AlN additive were adjusted to be 0.01, 0.1, 0.2, and
0.4 wt% of Al relative to Si, and the corresponding specimens were
denoted as Al-1, Al-2, Al-3, and Al-4, respectively. The specimen
without Al addition was denoted as Al-0.
For all the compositions, full nitridation were achieved when
nitriding was  done at 1400 ◦C for 8 h under a nitrogen pressure of
0.1 MPa. And all specimens were almost fully densiﬁed when post-
sintering was  done at 1900 ◦C for 6 h under a nitrogen pressure of
0.9 MPa. The relative densities of the sintered specimens Al-0, Al-
1, Al-2, Al-3, and Al-4 were 99.8%, 99.1%, 99.1%, 99.1%, and 98.5%,
respectively. SEM images (Fig. 9) showed that the microstructures
of the specimens were composed of coarse prismatic grains and ﬁneAl was added. An image analysis revealed that the average aspect
ratios of the -Si3N4 grains were 2.55, 2.21, 1.93, 1.81, and 1.75 in
the sintered specimens Al-0, Al-1, Al-2, Al-3, and Al-4, respectively,
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As shown in Table 2, all specimens exhibited similar four-point
ending strength values of 800–850 MPa, but there were obvious
ifferences in their fracture toughness values. The fracture tough-
ess values of specimens Al-0, Al-1, Al-2, Al-3, and Al-4 were 7.3,
.1, 6.7, 6.1, 6.0 MPa  m1/2, respectively, indicating a tendency of
ecreasing fracture toughness with increasing Al dopant, which
as regarded to be due to the existence of fewer coarse elongated
-Si3N4 grains in the microstructures of the specimens doped with
ore Al element.
The thermal conductivities of specimens Al-0, Al-1, Al-2, Al-3,
nd Al-4 were 91.9, 83.7, 74.1, 66.2, and 58.0 Wm−1 K−1, respec-
ively. It showed that thermal conductivity drastically decreased
ith increasing amount of Al additive, and even adding 0.01 wt%
f Al could result in considerable decrease of thermal conductivity.
his is in contrast with the aforementioned inﬂuence of impurity
e on thermal conductivity of SRBSN ceramics, where 1 wt% of Fe
dditive did not cause obvious decrease of thermal conductivity.
Kusano et al. [35] claimed that the added Al, together with
mpurity oxygen, dissolved in the lattice of -Si3N4 and formed
-SiAlON solid solution, i.e., Si6-zAlzOzN8-z. They measured the
able 2
roperties of the SRBSN ceramics added with various amount of Al.
Specimen Relative density (%) Thermal conductivity (W m−1 K−1
Al-0 99.8 91.9 
Al-1  99.1 83.7 
Al-2  99.1 74.1 
Al-3  99.1 66.2 
Al-4  98.5 58.0 ls added with various amount of Fe: (a) F0, (b) F0.1, (c) F1, and (d) F5 [34].
contents of Al and O in the lattice of -Si3N4 grains, and then cal-
culated the Z values for all the SRBSN specimens. Fig. 10 shows the
relationship between thermal conductivities and the correspond-
ing Z values. Thermal conductivities decreased with increasing Z
values. It is worth to note that the thermal conductivities signiﬁ-
cantly decreased in the region with Z values even smaller than 0.03.
The fact that trace Al addition resulted in large reduction in thermal
conductivity implied that the detrimental inﬂuence of impurity Al
element on thermal conductivity of SRBSN ceramics could be huge.
In other words, for the purpose of preparing high thermal conduc-
tivity SRBSN ceramics the tolerable limit of the content of impurity
Al in Si starting powder is very low.
6. Summary
Previous studies have indicated that lattice oxygen was the
dominant factor lowering the thermal conductivity of Si3N4
ceramics. In order to improve thermal conductivity through
reducing lattice oxygen content, we used the sintering of reaction-
bonded silicon nitride (SRBSN) method to prepare Si3N4 ceramics
employing high purity silicon as the starting material. Compared
to the conventional sintering of silicon nitride (SSN) method,
) Bending strength (MPa) Fracture toughness (MPa m1/2)
801 ± 72 7.3 ± 0.3
829 ± 23 7.1 ± 0.2
841 ± 43 6.7 ± 0.5
841 ± 95 6.1 ± 0.2
853 ± 90 6.0 ± 0.1
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Fig. 9. SEM images of polished and plasma-etched surfaces of the SRBSN materials 
Fig. 10. Relationship between thermal conductivity and Z value.added with various amount of Al: (a) Al-0, (b) Al-1, (c) Al-2, and (d) Al-3 [35].
content of impurity oxygen dissolved in Si3N4 lattice became lower
and the SRBSN ceramics could attain substantially higher ther-
mal  conductivities and higher mechanical strength. Furthermore,
thermal conductivity could be improved through increasing the
/ phase ratio during nitridation and enhancing grain growth
during post-sintering. Studies on fracture resistance behaviors
of the high-thermal-conductivity SRBSN ceramics revealed that
they possessed high fracture toughness and exhibited R-curve
behaviors. Using the SRBSN method, a silicon nitride with a
record-high thermal conductivity of 177 Wm−1 K−1 and a frac-
ture toughness of 11.2 MPa  m1/2 was developed. The inﬂuences of
impurity Fe and Al elements on thermal conductivities of SRBSN
ceramics were studied, and the results revealed that the tol-
erable content limits for Fe and Al impurities were 1 wt%  and
0.01 wt%, respectively. The concurrent attainment of high ther-
mal  conductivity and good mechanical properties of the SRBSN
ceramics will make them promising candidates for the appli-
cation as insulating substrates for the next-generation power
devices.
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